Several models of dark matter suggest the existence of dark sectors consisting of SU (3) C × SU (2) L × U (1) Y singlet fields. These sectors of particles do not interact with the ordinary matter directly but could couple to it via gravity. In addition to gravity, there might be another very weak interaction between the ordinary and dark matter mediated by U ′ (1) gauge bosons A ′ (dark photons) mixing with our photons. In a class of models the corresponding dark gauge bosons could be light and have the γ−A ′ coupling strength laying in the experimentally accessible and theoretically interesting region. If such A ′ mediators exist, their di-electron decays A ′ → e + e − could be searched for in a light-shining-througha-wall experiment looking for an excess of events with the two-shower signature generated by a single high energy electron in the detector. A proposal to perform such an experiment aiming to probe the still unexplored area of the mixing strength 10 −5 ǫ 10 −3 and masses M A ′ 100 MeV by using 10-300 GeV electron beams from the CERN SPS is presented. The experiment can provide complementary coverage of the parameter space, which is intended to be probed by other searches. It has also a capability for a sensitive search for A ′ s decaying invisibly to dark-sector particles, such as dark matter, which could cover a significant part of the still allowed parameter space. The full running time of the proposed measurements is requested to be up to several months, and it could be taken at different SPS secondary beams.
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Executive summary
We propose an experiment dedicated to the sensitive search for the decays A ′ → e + e − of massive dark photons (A ′ ) into e + e − pairs. If A ′ s with the γ − A ′ mixing strength in the range 10 −5 ǫ 10 −3 and masses M A ′ 100 MeV exist, they could be observed through the A ′ production in the reaction e − Z → e − ZA ′ of electrons scattering off nuclei, followed by the decay A ′ → e + e − . The experimental signature of this process -the two-shower energy deposition in the detector -has never been experimentally tested before.
The new experiment could exploit one of the secondary beam lines at the CERN SPS, which can provide electrons with an energy up to ≃ 300 GeV. The detector consists of a compact, specially designed scintillator-tungsten electromagnetic (e-m) calorimeter of a high longitudinal hermeticity, additionally protected agains the energy leak by high efficiency veto counters. It is also equipped with the A ′ decay volume, scintillating fiber trackers, and beam defining scintillator counters and wire chambers, which provide information for tagging the incoming particles.
Event candidates with two e-m showers, which could originate from the A ′ production and subsequent decay, are selected. The analysis based on the kinematic and topological shower properties is used to separate the signal from the background, dominated by the hadronic contamination in the beam. The feasibility study of the experimental setup shows that a sensitivity for the search of the A ′ → e + e − decay mode in branching fraction Br(A ′ ) = σ(e − Z→e − ZA ′ ) σ(e − Z→e − Zγ) at the level below a few parts in 10 12 could be achieved. This would allow to cover a significant fraction of the yet unexplored parameters space.
The experiment has also a capability to search for invisible decays A ′ → invisible with a high sensitivity. The feasibility study shows that a sensitivity for the search of the A ′ → invisible decay mode in branching fraction Br(A ′ ) = σ(e − Z→e − ZA ′ ),A ′ →invisible σ(e − Z→e − Zγ) at the level below a few parts in 10 11 − 10 12 could be achieved. The intrinsic background due to the presence of low energy electrons in the beam can be suppressed by using a tagging system, which is based on the detection of synchrotron radiation of high energy electrons. The search would also allow to cover a significant fraction of the yet unexplored parameters space for the A ′ → invisible decay mode.
After testing the detector, that might commence in 2015, the experiment would be performed in two phases. In the first phase in 2015, the goal is to optimize the detector components and measure the dominant backgrounds from the hadron (and possibly muon) contaminations in the electron beam. This could be done by using any secondary beam line of the SPS that would provide enough intensity in the given energy range for the background measurements. In the second phase, 2015-2016, the goal is to reach the previously mentioned sensitivity or better by exploiting a possible upgrade of the detector, which might be necessary given the results of phase I. To reach this goal utilizing a secondary SPS beam line that would provide enough electron intensity for the signal search is mandatory. If an excess consistent with the signal hypothesis is observed, this would unambiguously indicate the presence of new physics.
Introduction and Motivation
Cosmological observations of galactic rotational curves [1] and the gravitational lensing [2, 3] give strong evidence for the existence of dark matter (see e.g. [4] for a review). The challenge to explain these hints of the existence of dark matter provides one of the strongest indications for the existence of new physics beyond the Standard Model (SM). The identification of the origin of dark matter (DM) is a problem of enormous importance for both particle physics and cosmology. At present, the most popular candidates for the thermal-produced DM are the so-called WIMPs (weakly interacting massive particles), which are e.g. lightest supersymmetric particles, Kaluza-Klein particles in universal extra dimension models etc... However, despite of significant efforts the experiments, in particular at the LHC, searching for WIMPs lead so far to negative results, thus, pushing further WIMP searches into a very high-energy and/or high sensitivity frontiers, for a review see e.g. [5] and references therein.
An additional natural ground for understanding of the origin and properties of dark matter is provided by a class of interesting theoretical models introducing the concept of "dark" (or hidden) sectors consisting of SU (3) C × SU (2) L × U (1) Y singlet fields. These sectors of particles do not interact with the SM matter directly and couple to it by gravity and possibly by other weak forces. It is worthwhile to note that, even in the SM, some fields of the matter are singlet under one or more of the colour and electroweak gauge groups. Thus, the idea to include a further sector which transforms under the new but not under the familiar gauge symmetries is not particularly exotic from a theoretical viewpoint. The sensitivity of experiments searching for the new singlet particles depends in detail on their couplings and mass scale, for instance, if the mass scale of a dark sector is too high, it is experimentally unobservable and indeed is hidden.
Then, one could ask a natural question: could the important sensitive searches for the dark sectors be performed at lower energy and high intensity frontier? The answer for this question is definitely positive. For example, there is a class of models with at least one additional U(1) gauge factor where the corresponding hidden gauge boson could be light, or even massless [6] [7] [8] [9] , for a recent review see [10] [11] [12] . The interaction between SM and dark matter may be transmitted by a new abelian U ′ (1) gauge bosons A ′ (or dark photons for short) mixing with ordinary photons, see e.g. [13] [14] [15] [16] [17] [18] [19] [20] . The original idea was first discussed by Okun in his paraphoton model [6] , see also [7] . For the massless case, e.g. in the mirror dark matter models, the portal to our world through photon-mirror photon mixing leads to orthopositronium (oPs) to mirror orthopositronium oscillations, the experimental signature of which is the apparently invisible decay of oPs, for review, references and more detail discussions see [21] [22] [23] [24] [25] .
Experimental bounds on the sub-eV and sub-keV dark photons can be obtained from searches for the fifth force [6, 26, 27] , from experiments on photon regeneration [28] [29] [30] [31] [32] [33] [34] , and from stellar cooling considerations [35, 36] . For example, it has been noticed that helioscopes searching for solar axions are sensitive to the keV part of the solar spectrum of hidden photons and the CAST results [37, 38] have been translated into limits on the γ −A ′ mixing parameter [9, [39] [40] [41] . Stringent bounds on models with additional A ′ particles at a low energy scale could be obtained from astrophysical considerations [42] [43] [44] . In some models these astrophysical constraints can be relaxed or evaded, see e.g. [45] . New tests on the existence of sub-eV A ′ s at new experimental facilities, such, for example, as SHIPS [46] , ALPS-II [47] or IAXO [48] are in preparation.
The A ′ s in the sub-GeV mass range, see e.g. [13, 16, 18, 19, [49] [50] [51] can be probed through the searches for A ′ → e + e − decays in beam dump experiments [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] , or through the rare particle decays, see e.g. [64] [65] [66] [67] [68] [69] [70] . For example, if the A ′ mass is below the mass of π 0 , it can be effectively searched for in the decays π 0 → γA ′ , with the subsequent decay of A ′ into an e + e − pair. Recently, stringent constraints on the mixing ǫ in sub-GeV mass range have been derived from a search of this decay mode with existing data of neutrino experiments [71] [72] [73] and from SN1987A cooling [74] . In a class of models, the A ′ may have mass m A ′ 100 MeV and γ − A ′ mixing strength as large as ǫ ≃ 10 −5 − 10 −3 , which is in the experimentally accessible and theoretically interesting region, [75] . This makes further searches for dark mediators interesting and attractive, for a recent review see [10] [11] [12] 20] , and references therein.
The main goal of this proposal is to investigate still unexplored region of mixing strength 10 −5 ǫ 10 −3 and A ′ masses M A ′ 100 MeV with a light-shining-througha-wall (LSTW) type experiment [10] using a high energy secondary electron beam for the CERN SPS. If such A ′ s exist, they would be short-lived particles which decay rapidly into e + e − pairs with a lifetime in the range 10 −14 τ A ′ 10 −10 s. We show that such decays could be observed by looking for events with the exotic signature -two isolated showers produced by a single electron in the detector. If, indeed, an excess of such events is observed, this would be a strong evidence for the existence of new physics beyond the SM.
Compared to beam-dump experiments searching for relatively long-lived A ′ s, the advantage of the proposed one is that its sensitivity is roughly proportional to the mixing squared, ǫ 2 , associated with the A ′ primary production process (for a short lived particle the decay probability inside the decaying volume is close to 1). For the long-lived A ′ case, the sensitivity of the search is proportional to ǫ 4 -one ǫ 2 came from the A ′ production, and another ǫ 2 is from their decays. Another advantage of the project is that the expected background level can be precisely determined from the direct measurements with pion and muon beams in the same setup. Below, we present a conceptual detector scheme that would exploit one of the existing secondary electron beam, a scintillator-tungsten electromagnetic calorimeters, veto counters, and scintillator fiber tracker.
The proposed LSTW type experiment is not a new one for CERN. Historically, one of the first experiment of this type was performed at CERN in 2000 by the NOMAD collaboration. The search for light (pseudo)scalars (a) with the coupling to two photons was performed at high energies by using the NOMAD neutrino detector [76, 77] . If as exist, one expects a flux of such high energy particles in the SPS neutrino beam because both scalar and pseudoscalar as could be produced in the forward direction through the Primakoff effect in interactions of high energy photons, generated by 450 GeV protons from the SPS in the neutrino target, with virtual photons from the magnetic field of the WANF horn. If a is a relatively long-lived particle, it would penetrate the downstream shield without interaction and would be observed in the NOMAD detector via the inverse Primakoff effect, namely the interaction of (pseudo)scalars with virtual photons from the field of the NOMAD dipole magnet. The experimental signature of the a − γ conversion is a high-energy photon resulting in a single isolated electromagnetic shower in the NOMAD electromagnetic calorimeter. Later on, the new limits for dark photons in the mass range 1 eV, were set from results of the CAST experiment at CERN [9, 39, 40] . Recently, future potential for dark photon physics has been discussed by the IAXO collaboration [48] .
Finally, let us note that in addition to dark photon models, many extensions of the Standard Model (SM) such as GUTs [78] , super-symmetric [79] , super-string models [80, 81] and models including a new long-range interaction, i.e. the fifth force [82] , predict an extra, U ′ (1) factor and therefore the existence of a new gauge boson X corresponding to this new group. The predictions for the mass of the X boson are not very firm and it could be light enough (M X ≪ M Z ) to be searched for at low energies. For instance, if the mass M X is of the order of the pion mass, an effective search could be conducted for this new vector boson in the radiative decays of neutral pseudoscalar mesons P → γX, where P = π 0 , η, or η ′ , because the decay rate of P → γ + any new particles with spin 0 or 1 2 proves to be negligibly small [83] . Hence, a positive result in the direct search for these decays could be interpreted unambiguously as the discovery of a new light spin 1 particle, in contrast with other experiments searching for light weakly interacting particles in rare K, π or µ decays [83] [84] [85] . Such light Xs coupled, e.g. to leptons and quarks could be searched for in an analogous LSTW experiment with a high energy pions, see e.g. [71] .
The rest of the document is organized in the following way. The theoretical considerations of the A ′ production and decay are presented in Sec. 2. The experimental setup, method of search, and requirements to the beam as well as background sources and the expected sensitivity are described in Sec. 3. Section 4 contains a discussion of the search for an A ′ which decays invisibly into two dark matter particles as well as the corresponding backgrounds and the estimated sensitivity. Section 5 contains concluding remarks.
Theoretical considerations
The interaction between γ's and A ′ 's is given by the kinetic mixing [6, 7, 10] 
where F µν , A ′µν are the ordinary and the dark photon fields, respectively, and parameter ǫ is their mixing strength. The kinetic mixing of Eq. (2.1) can be diagonalized resulting for massive A ′ in a nondiagonal mass term and γ − A ′ mixing. Therefore, any source of photons could produce a kinematically permitted massive A ′ state according to the mixings. Then, depending on the A ′ mass, photons may oscillate into dark photons -similarly to oscillations of neutrinos -or, the A ′ 's could decay, e.g. into e + e − pairs. The diagram for the A ′ production in the reaction is shown in Fig. 1 . The total number of A ′ s produced by n e electrons in a target with thickness t ≫ X 0 is [52] :
where the parameter C ≃ 10 is only logarithmically dependent on the choice of target nucleus, and m e is the electron mass and M A ′ the A ′ mass, for recent works on heavy particles production through photon exchange with a nucleus, see also [86, 87] . In [53, 88] it is argued, that the parameter C is actually C ≃ 5. One can see that compared to bremsstrahlung rate, the A ′ production is suppressed by a factor ≃ ǫ 2 m 2 e /M 2 A ′ . Therefore, for the parameter space region of our interest, it is expected to occur with the rate 10 −13 − 10 −9 with respect to the ordinary photon production rate. The A ′ energy spectrum is [52] dn
where k is a constant, and x = E A ′ /E 0 . The A ′ is emitted with respect to electron beam axis dominantly at an angle Θ A ′ Θ e + e − ≃ m A ′ /E A ′ , which is is typically smaller than the opening angle of the A ′ → e + e − decay products Θ e + e − . The approximation of A ′ emission collinear with the beam axis is justified in many calculations [52] .
The corresponding A ′ → e + e − decay rate is given by:
It is assumed that this decay mode is dominant and the branching ratio
3 The experiment to search for the decay
The process of the dark photon production and subsequent decay is a rare event as pointed out above. Hence, its observation presents a challenge for the detector design and performance. 
The Setup
The experimental setup specifically designed to search for the A ′ → e + e − decays is schematically shown in Fig. 3 . The experiment requires a clean high energy e − beam, with impurities below the one percent level. The primary proton energy of 400 GeV from the SPS enables secondary electron beams in the energy range from 10 to 300 GeV with typical intensities ranging from 10 7 down to 10 5 electrons per SPS spill [89] . The admixture of other charged particles in the beam (beam purity) is below 10 −2 . The detector shown in Fig. 3 is equipped with a high density, compact electromagnetic (e-m) calorimeter ECAL1 to detect e − primary interactions. The counters V1 and V2 serve as high efficiency veto while the two scintillating fiber counters (or proportional chambers) S1, S2 and an electromagnetic calorimeter ECAL2 located at the downstream end of the A ′ decay volume DV will detect e + e − pairs from A ′ → e + e − decays in flight. For searches at low energies the DV could be replaced by a Cherenkov counter to enhance the tagging efficiency of the decay electrons.
The method of the search is the following [90] . The A ′ s are produced through the mixing with bremsstrahlung photons from the electrons scattering off nuclei in the ECAL1. The reaction (2.2) typically occurs within the first few radiation length (X 0 ) of the detector. The bremsstrahlung A ′ then penetrates the rest of the ECAL1 and the veto counter V1 without interactions, and decays in flight into an e + e − pair in the decay volume DV. A fraction (f ) of the primary beam energy E 1 = f E 0 is deposited in the ECAL1. The Figure 3 . Schematic illustration of the setup to search for dark photons in a light-shining-througha-wall type experiment at high energies. The incident electron energy absorption in the calorimeter ECAL1 is accompanied by the emission of bremsstrahlung A ′ s in the reaction eZ → eZA ′ of electrons scattering on nuclei, due to the γ − A ′ mixing. The part of the primary beam energy is deposited in the ECAL1, while the rest of the total energy is transmitted by the A ′ through the "ECAL1 wall". The A ′ penetrates the ECAL1 and veto V1 without interactions and decays in flight in the decay volume DV into a narrow e + e − pair, which generates the second electromagnetic shower in the ECAL2 resulting in the two-shower signature in the detector. The sum of energies deposited in the ECAL1+ECAL2 is equal to the primary beam energy. This detector, being additionally equipped with the hadronic calorimeter (HCAL) to enhance its longitudinal hermeticity, can also be used to search for the invisible decay A ′ → invisible of dark photons into the lighter dark matter particles χ, see Sec. 4. ECAL1's downstream part is served as a dump to absorb completely the e-m shower tail. For the radiation length 1 cm, and the total thickness of the ECAL1 ≃ 30 X 0 (rad. lengths) the energy leak from the ECAL1 into the V1 is negligibly small. The remained part of the primary electron energy E 2 = (1 − f )E 0 is transmitted trough the "ECAL1 wall" by the A ′ , and deposited in the second downstream calorimeter ECAL2 via the A ′ decay in flight in the DV, as shown in Fig. 3 . At high A ′ energies E A ′ 30 GeV, the opening angle Θ e + e − ≃ M A ′ /E A ′ of the decay e + e − pair is too small to be resolved in two e-m showers in the ECAL2, so the pairs are mostly detected as a single electromagnetic shower. At distances larger than ≃ 5 m from the ECAL1, the distance between the hits is 5 mm, so the e + e − pair can be resolved in two separated tracks in the S1 and S2. The occurrence of A ′ → e + e − decays produced in e − Z interactions would appear as an excess of events with two e-m-like showers in the detector, Fig. 3 , above those expected from the background sources. The signal candidate events have the signature: and should satisfy the following selection criteria:
• The starting point of (e-m) showers in the ECAL1 and ECAL2 should be localized within a few first X 0 s.
• The lateral and longitudinal shapes of both showers in the ECAL1 and ECAL2 are consistent with an electromagnetic one. The fraction of the total energy deposition in the ECAL1 is f 0.1, while in the ECAL2 it is (1 − f ) 0.9 (see energy spectra in Fig. 4 , and discussion below).
• No energy deposition in the V1 and V2.
• The signal (number of photoelectrons) in the decay counters S1 and S2 is consistent with the one expected from two minimum ionizing particle (mip) tracks. At low beam energies, E 0 30 GeV, two isolated hits in each counter are requested.
• the sum of energies deposited in the ECAL1+ECAL2 is equal to the primary energy,
In Fig. 4 an example of the expected distributions of energy deposition in the ECAL1 and ECAL2 for selected events are shown for the initial e − energy of 30 GeV. The spectra are calculated for the mixing strength ǫ = 3 · 10 −4 and correspond to the case when the
where L ′ is the length of the ECAL1 and L is the distance between the A ′ production vertex and the ECAL2. In this case most of A ′ s decay outside of the ECAL1 in the DV. One can see, that the A ′ bremsstrahlung distribution is peaked at maximal beam energy. The measurement of the electron energy and the background level could be deteriorated by the presence of passive material in the detector. Therefore, the passive material budget must be minimized. The detector, being additionally equipped with the hadronic calorimeter (HCAL) to enhance its longitudinal hermeticity as shown in Fig. 3 , can also be used to search for the invisible decay A ′ → invisible of dark photons into the lighter dark matter particles χ, see Sec. 3 for discussions.
The SPS H4 secondary beam line
The experiment could employ, e.g. the CERN SPS H4 e − beam, which is produced in the target T2 of the CERN SPS and transported to the detector in an evacuated beamline tuned to a freely ajustable beam momentum from 10 up to 300 GeV/c. The typical maximal beam intensity at ≃ 30-50 GeV, is of the order of 5 × 10 6 e − for one typical SPS spill with 10 12 protons on target, see Because, there are no special requirements for the small beam size at the entrance to the detector, which could be within a few cm 2 , the beam intensity can be increased by a factor 2 by tuning the beam line optics and collimators. However, it is assumed that the contamination of particles, others than electrons is still within a few times 10 −2 . Thus, we can assume that for an optimistic scenario, the total number of electrons accumulated during one month of data taking is N e tot ≃ 2 × 10 12 . In a less optimistic case, this number could lay in the range 3 × 10 11 N e tot 2 × 10 12 . Therefore, to accumulate N e tot 10 12 electrons, the data taking period of at least 3 months is requested.
The suppression of any possible background should be at a level of 10 −12 or below. The advantage to use the H4 beam is that at high energies ( 30 GeV) the beam is very clean, the contamination of πs in electron beam is expected to be well below 1%. In the analysis presented below, no special treatment was applied to the simulated data to eliminate an eventual pion contamination. The assumed further beam purity is ≃ 10 −2 .
A two-stage approach is envisaged for the experiment, incorporating an initial experimental test phase in 2014-2015, followed by the main-goal period of the experiment to reach sensitivity of Br(A ′ ) 10 −12 in 2015-2016. Upstream of the detector shown in Fig. 3 , a beam trigger counter telescope is installed. It consists of several scintillation counters (not shown in Fig. 3 ). Two MWPC chambers with X,Y read-out, situated at 5 m from each other, are used to define the beam impact point into the calorimeter ECAL1. The beam electrons are focused onto the center of the front area of the ECAL1. In order to reduce the noise, we plan to apply a cut on all X and Y beam chamber profiles. In addition, to guarantee the direction of the beam to be parallel to the module axis, we require that the difference in X and Y measured by each of these chambers is smaller than 1 mm (≃ 0.2 mrad). 
Veto and S1, S2 counters
The decay volume is followed by scintillating fiber hodoscopes counters S1 and S2 and scintillating tiles coupled to silicon photomultipliers (SiPM). The main task of the system is to measure precisely the time of arrival of particles in order to allow the matching with hits detected in the S1 and S2 and to reject pile-up events. As illustrated in Fig. 3 the S1, S2 system is composed of scintillating fibers (SciF) hodoscopes, rectangular in shape, with dimensions ≃ 100 x100 mm 2 . The electron tracks will be measured by scintillating fiber hodoscopes, arranged upstream and downstream of the central SciF hodoscope. The thickness of the hodoscope is of order 1 mm. This is also the thickness that will be seen by the outgoing electron-positron pair produced in A ′ decays, and has to be kept as low as possible, compatible with the proposed performance of this sub-detector.
The scintillating light produced in the fibers will be detected with arrays of silicon photomultipliers (SiPM) at both fiber ends. The choice of SiPMs as a photodetection device is based on the fact that they are very compact detectors that can be operated (in high magnetic fields) with high gain (≃ 10 6 ) and at high counting rates (> 1 MHz). Typical dimensions of such SiPM arrays available from Hamamatsu (or KETEK [91] ) are ≃ 8 mm wide and 1 mm high, with 50 × 50 µm 2 or 100 × 100 µm 2 pixels. The pixels are arranged in columns, corresponding to an effective readout pitch of 250 microns. The photodetectors would be directly coupled to the SciF arrays to maximize the light collection efficiency. To readout the fiber hodoscope at each end a total of 20 such photodetectors will be required corresponding to about 400 readout channels.
For the detector we aim at a time resolution of 300 ps. Time resolutions of about 300 ps have already been achieved with ScF hodoscopes with single-sided readout using multianode PMTs [91] . The veto counters are assumed to be 1-2 cm thick, plastic scintillator counters with a high light yield of ≃ 10 2 photoelectrons per 1 MeV of deposited energy. The typical veto's inefficiency for the mip detection is, conservatively, 10 −4 . Each of the decay counters S1 and S2 consists of two layers of scintillating fiber strips, arranged respectively in the X and Y direction. Each strip consists of about 100 fibers of 1 mm square. The number of photoelectrons produced by a mip crossing the strip is ≃ 20 ph.e. In the design and construction of this detector it will be very important to maximize the photon detection efficiency of the photodetector in order to maximize the veto efficiency and time resolution.
The tungsten scintillator calorimeters
The choice of the calorimeter type should satisfy the following criteria:
• One of the main requirement for the sensitive search for A ′ s in the still unexplored parameter space, is to achieve a highly compact design, having a small Moliere radius and short radiation length. The total length of the detector should be 30 cm. This implies having the greatest amount of absorber possible, consistent with obtaining the required energy resolution.
• The energy resolution should be ∆E/E ≃ 15%/ √ E.
• It should be possible to measure the lateral and longitudinal shower shape.
• The e/π rejection should be 10 −3 .
• Timing properties should allow high speed data accumulation.
• The radiation hardness must be better then 1000 Gy.
The energy resolution of the ECAL1 and ECAL2 calorimeters as a function of the beam energy is taken to be
. To fulfill these design requirements, we are considering a scintillator -tungsten sandwich configuration, as shown in Fig. 6 . It consists of a standard sandwich arrangement of alternating W absorber and scintillator plates read out with wavelength shifting fibers running laterally through each scintillator plate. For example, the NA-61 hadronic calorimeter uses this type of design, but with lead absorber plates rather than tungsten [93] . Our ECAL1 module design would be similar except it would have a more fine granularity, a higher density and make a more compact calorimeter with a smaller overall module size (roughly 10 square Moliere radius at the front). This design would have the advantage of readout lateral and longitudinal shower profile, by utilizing fibers from each plate (or a group of adjacent plates) to read out and also having better light collection. The ECAL1 is ≃ 100 × 100 mm 2 in cross section and 230 mm (≃35 X 0 ) long, see Fig. 6 . Timing and energy deposition information from each plate can be digitized for each event. The processing of the counter signals is described in Sec. 3.1.7. The possibility of using as the ECAL1 and ECAL2 the hodoscope arrays of the lead tungstate (PWO) heavy crystal counters (X 0 ≃ 0.89 cm), each of the size 10 × 10 × 300 mm 3 , is also under consideration.
To evaluate the basic performance characteristics of this design we have carried out a Monte Carlo study by using GEANT4 [94] . For the calorimeter design, the energy resolution requirements are quite stringent and are in the range of a few % for the energy region 30-100 GeV.
We studied the ECAL1 energy resolution for various tungsten plate thicknesses keeping the scintillator thickness constant at 3.0 mm. Fig. 8 gives the results of these simulations. The curves were fit to a parametrization ∆E/E = a/ √ E + b and the results of the fits for the selected W plate thickness of 3.5 mm is a = 0.15 and b = 0.004. It shows that an energy resolution ≃ 15%/ √ E can be achieved with the selected sampling. Note, that only sampling fluctuations and leakage were included in this simulation, therefore the photostatistics contribution has to be kept small compared to this value. To improve the e/π rejection factor the calorimeter design can be done more granular with the fine longitudinal and transverse segmentation. One possible option of transverse calorimeter segmentation is shown in Fig. 7 . Here, instead of uniform scintillator plate, nine smaller size scintillator tiles are inserted in each active layer of the calorimeter. The lateral size 3 × 3 cm 2 of each smaller tile approximately corresponds to the Moliere radius that reliably identifies the transverse profile of the e-m shower. The geometrical arrangement of the WLS-fibers allows the light readout of each smaller scintillator tile by the photodetectors placed at three lateral sides of the calorimeter module as shown in Fig. 7 . To reduce the number of the readout channels the WLS-fibers from each three subsequent tiles can be grouped into one bunch viewed by a single photodetector. This option of the light readout leaves the calorimeter longitudinal segmentation fine enough with the three radiation length in each of ten sections. Taking into account the transverse segmentation, the total number of the readout channels per one module is equal to 90. Obviously, such dense light readout configuration requires compact and inexpensive photodetectors. The silicon photomultipliers, SiPMs seam to be a natural candidates in our case due to their compactness, relatively low cost, high gain and high photon detection efficiency. At present, there are few types of SiPMs with high pixel density and, respectively, with high dynamical range, acceptable for the calorimetry. A few companies, such as Hamamatsu, KETEK and Zecotec, can provide such photodetectors with the required parameters. We also studied the Moliere radius of this design. The fraction of the energy of a shower contained within a given radius (in terms of radiation length) for a calorimeter with one radiation length sampling and 3 mm scintillator was simulated. For pure tungsten, the Moliere radius is R M ≃ 2.6 X 0 ≃ 9.3 mm, and is the radius that contains approximately 90% of the shower energy. From the simplified simulation, we can see that in order to absorb nearly 90% of the energy in the counter, its lateral size should be still within roughly one R M . It was also found that this value is nearly independent of energy from 1-40 GeV. The Moliere radius of this configuration is almost the same as that of pure tungsten, it is larger by about 20%.
To estimate the e/π rejection factor, we have performed also simulation of the ECAL1 response to the hadrons. A good overall e/π suppression factor 10 −3 could be expected based on detail description of the electromagnetic and hadronic shower profiles, both lateral and longitudinal, and their fluctuations in the calorimeters. An example of a developed technique allowing accurate description of the electromagnetic shower shapes can be found in Ref. [95, 96] . The results of this work are planed to be used for further development of the method, including event-by-event shower shape fluctuations. An example of work related to the description of the lateral fluctuations of the hadronic showers can be found in Ref. [97, 98] .
Hadronic calorimeter
The hadronic calorimeter (HCAL) shown in Fig. 3 , is used to enhance the longitudinal setup hermeticity for the sensitive search for the invisible decay A ′ → χχ into the lighter dark matter particles χ, see Sec. 4. The HCAL consists of 4 modules [93] . Each module consists of 60 lead/scintillator layers with 16 mm and 4 mm thickness, respectively, see Figs. 9 and 10. The lead/scintillator plates are tied together with 0.5 mm thick steel tape and placed in a box made of 0.5 mm thick steel. Steel tape and box are spot-welded together providing appropriate mechanical rigidity. The full length of modules corresponds to 5.7 nuclear interaction lengths. The module has transverse dimension of 20 × 20 cm 2 and weight 500 kg. The mechanical rigidity of these heavy modules was enhanced by a slight modification of their structure. Namely, one 16 mm lead layer in the middle of the module was replaced by a steel plate with similar nuclear interaction length. Light readout is provided by Kyraray Y11 WLS-fibers embedded in round grooves in the scintillator plates. The WLS-fibers from each 6 consecutive scintillator tiles are collected together in a single optical connector at the end of the module. Each of the 10 optical connectors at the downstream face of the module is read-out by a single photo-diode. The longitudinal segmentation into 10 sections ensures good uniformity of light collection along the module and delivers information on the type of particle which caused the observed particle shower. 
Readout of Scintillating Fibers
For the readout of the fibers and tiles it is planned to use the well-established waveform digitizing technology used already in several experiments, see e.g. the MEG experiment at PSI. This technology is based on the switched capacitor array chip DRS4 developed at PSI, which is capable of sampling the SiPM signal with up to 5 Giga samples per second with a resolution close to 12 bits. The advantage of this technology compared to traditional constant fraction discriminators and TDCs is that pile-up can be effectively recognized and corrected for. In addition, pulse height information becomes available which can be used to discriminate signals.
The decay volume
The decay volume is a tank of 30 cm in diameter and a length in the range from 3 m to 5 m. The volume is evacuated to the pressure below 10 −3 mbar, to minimize secondary hadronic interactions in air. The in-and output flanges are made of a thin Mylar layers, about 20 mg/cm 2 . Table 1 . Design, purpose, performance, and event rate of the detectors used in the experiment.
Electromagnetic calorimeters ECAL1 and ECAL2
• design: sandwich (3.5 mm W + 3 mm Sc) × 30 layers
• event rate: up to 10 5 π per spill, 10 10 − 10 11 in total run 3. Beam counters S1 and S2
• design: Sc 1mm fiber hodoscopes • event rate: up to 10 7 10-100 keV γ per spill, 10 12 − 10 13 for full run 6. Decay volume • design: diameter ≃30 cm × 5 m length, filled with He or vacuum 10 −5 Torr • purpose: minimize secondary particles interactions
Data taking and trigger
To define a valid electron event hitting the calorimeter we have requested that the beam counters (not shown in Fig. 3 ) are in coincidence. This condition defines the beam Trigger 1. The total area covered by the beam is ≃ 10 × 10 mm 2 . When counters S1 and S2 are added to the coincidence, defining Trigger 1 condition, we get the so called Trigger 2. This trigger starts DAQ. The estimated events rate is well below 1 kHz. In Table 1 the design, purpose, performance, and event rate of the detectors used in the experiment are summarized. The description of the counter to detect synchrotron radiation photons (item 5 of Table) is given below in Sec. 4.
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Background
The background processes for the A ′ → e + e − decay signature S A ′ of (3.1) can be due to physical-and beam-related sources. To perform full simulation of the setup in order to investigate these backgrounds down to the level 10 −12 would require a very large number of generated events resulting in a prohibitively large amount of computation time. Consequently, only the following, identified as the most dangerous background processes are considered and evaluated with reasonable statistics combined with numerical calculations:
• The leak of the primary electron energy into the ECAL2, could be due to the bremsstrahlung process e − Z → e − Zγ, when the emitted photon carries away almost all initial energy, while the final state electron with the much lower energy E e − ≃ 0.1E 0 is absorbed in the ECAL1. The bremsstrahlung photon could punch through the ECAL1 and V1 without interactions, and produce an e + e − pair in the S1, which deposit all its energy in the ECAL2. The photon could also be absorbed in a photonuclear reaction occurring in the ECAL1 and resulting in, e.g. an energetic leading secondary neutron.
In the first case, to suppress this background, one has to use the ECAL1 of enough thickness, and as low veto energy threshold as possible. Assuming that the primary interaction vertex is selected to be within a few first X 0 s, for the total remaining ECAL1+V1 thickness of ≃ 30 X 0 , the probability for a photon to punch through both ECAL1 and V1 without interaction is 10 −13 . Thus, this background is at the negligible level. In the second case, an estimation results in a similar background level 10 −13 .
• Punch-through primary electrons, which penetrate the ECAL1 and V1 without depositing much energy could produce a fake signal event. It is found that this is also an extremely rare event.
The beam-related background can be due to a beam particle misidentified as an electron. This background is caused by some pion, proton and muon contamination in the electron beam.
Hadronic background
• The first source of this type of background could be due to the
reaction chain: i) an incident hadron produces a neutral pion with the energy E π 0 0.1E 0 and an energetic leading neutral hadron, e.g. neutron, carrying the rest of the energy of the primary collision with the nucleus (A,Z), ii) the neutral pion decays π 0 → 2γ generating an e-m shower in the ECAL1, while iii) the neutron penetrates the rest of the ECAL1 and the veto counter V1 without interactions, scatters in the counter S1, producing low energy secondaries and deposits all its energy in the ECAL2. The probability for such a reaction chain to occur can be estimated as
where f p(π) , P π 0 n , P S1 , P n are, respectively, the level of the admixture of hadrons in the primary beam, P p(π) 10 −2 , the probability for an incoming hadron to produce the π 0 n pair in the ECAL1, P π 0 n ≃ 10 −4 , the probability for the neutron to interact in S1, P S1 ≃ 10 −3 , and the probability for the leading n to deposit all its energy in the ECAL2, P n ≃ 10 −3 . This results in P 10 −12 . The probability for neutral hadrons to interact in the S1 of thickness ≃ 1 mm, or ≃ 10 −3 nuclear interaction length, can be reduced significantly, down to P S1 ≃ 10 −4 , by replacing it, e.g. with a wire chamber counter. This leads to P 10 −13 . At low energies E 0 30 GeV, the requirement to have two hits in the S1 would suppress the background further.
Note, that the cross section for the reaction p(π) + A → π 0 + n + X, with the leading neutron in the final state, has not yet been studied in detail for the wide class of nuclei and full range of hadron energies. To perform an estimate of the P π 0 n value, we use data from the ISR experiment at CERN, which studied leading neutron production in pp collisions at √ s in the range from 20 to 60 GeV [99, 100] . For these energies the invariant cross sections, obtained as a function of x F (Feynman x) and p T , were found to be in the range 0.1 E
10 mb/GeV 2 for 0.9 x F 1 and 0 p T 0.6 GeV [99] . Taking these results into account, the cross sections for leading neutron production in our energy range are estimated by using the Bourquin-Gaillard formula, which gives the parametrized form of the invariant cross section for the production in high-energy hadronic collisions of different hadrons over the full phase-space, for more details see, e.g. [101] . The leading neutron production cross sections in p(π)A collisions are evaluated from its linear extrapolation to the target atomic number.
In another case, the leading neutron could interact in a very downstream part of the veto counter producing leading π 0 without being detected. The π 0 decays subsequently into 2γ or e + e − γ. The background from this events chain is also estimated to be very small.
• The fake signature S A ′ arises when the incoming pion produces in a very upstream part of the ECAL1 a low energy neutral pion, escapes detection in the V1 counter due to its inefficiency, and either deposits all its energy in the ECAL2, or decays in flight in the DV into an eν pair with the subsequent decay electron energy deposition in the ECAL2. In the first case, also relevant to protons, an analysis similar to the previous one, shows that this background is expected to be at the level 10 −13 . In the second case, taking into account the probability for the π → eν decay in flight, and that the electron would typically have about one half of the pion energy, results in a suppression of this background to the level < 10 −15 .
The overall probability of the fake signal produced by an incoming hadron is estimated to be P p(π) 10 −13 per incoming electron. Another type of background is caused by the muon contamination in the beam.
Muon background
• The muon could produce a low energy bremsstrahlung photon in the ECAL1, which would be absorbed in the detector, then penetrates the V1 without being detected, and after producing signals in the S1 and S2 counters, deposit all its energy in the ECAL2 through the emission of a hard photon:
The probability for the chain (3.4) is estimated to be P 10 −14 . Similar to (3.2), this estimate is obtained assuming that the muon contamination in the beam is 10 −2 , the probability for the muon to cross the V1 counter without being detected is 10 −4 , and the probability for the µ to deposited all its energy in the ECAL2 is 10 −7 . Here, it is also taken into account that the muon should stop in the ECAL2 calorimeter completely to avoid being detected in the counter V2. An additional suppression factor arises from the requirement to have two-mip's signal in the decay counters.
• One more background source can be due the event chain
when the incoming muon produces in the initial ECAL1 part a low energy bremsstrahlung photon, escapes detection in the counter V1, and then decays in flight in the DV into eνν. There are several suppression factors for this background: i) the relatively long muon lifetime resulting in a small probability to decay, ii) the presence of two neutrinos in the µ decay. The energy deposition of decay electrons in the ECAL2 is typically significantly smaller than the primary energy E 0 , and iii) the requirement to have double mip energy deposition in the beam counters S1 and S2. All these factors lead to the expectation for this background level to be at least 10 −14 .
• A random superposition of uncorrelated events during the detector gate time could also results in a fake signal. Taking into account the selection criteria of signal events results in a the small number of these background events 10 −14 .
The overall probability of the fake signal from muons is estimated to be P µ 10 −14 per incoming electron, and the accidental background is below 10 −14 .
In Table 2 contributions from all background sources are summarized for the beam energy of 100 GeV. The dependence on the energy is rather weak. The total background level is conservatively 3 · 10 −13 , and is dominated by the admixture of hadrons in the electron beam. Thus, a search accumulating up to ≃ 10 13 e − events, is expected to be background free. 
Direct measurements of the background level.
To evaluate the background in the signal region one could perform independent direct measurements of its level with the same setup by using pion and muon beams of proper energies. For this purpose the primary beam is tuned to pions. The muons can be selected by putting thick absorber on the primary beam line.
Sensitivity of the experiment
To estimate the sensitivity of the proposed experiment a simplified feasibility study based on GEANT4 [94] Monte Carlo simulations has been performed for 30 and 150 GeV electrons. The energy threshold in the ECAL1 is taken to be 0.5 GeV. The reported further analysis also takes into account passive materials from the walls of the decay vessel. The significance of the A ′ → e + e − decay discovery with the described detector scales as [102, 103] 
where n A ′ is the number of observed signal events (or the upper limit of the observed number of events), and n b is the number of background events. For a given number of electrons on the target of length L ′ , n e ·t (here, n e is the electron beam intensity and t is the experiment running time) and A ′ flux dn A ′ /dE A ′ , the expected number of A ′ → e + e − decays occurring within the fiducial volume of the DV with the subsequent energy deposition in the ECAL2 calorimeter, located at a distance L from the A ′ production vertex is given by
where p A ′ is the A ′ momentum, τ A ′ is the A ′ lifetime at the rest frame, Γ e + e − , Γ tot are the partial and total A ′ -decay widths, respectively, and ε e + e − (≃ 0.9) is the e + e − pair reconstruction efficiency. The flux of A ′ s produced in the process (2.2) is calculated by using the A ′ production cross section in the e − Z collisions from Ref. [52] . The acceptance A of the ECAL2 calorimeter is calculated tracing A ′ s produced in the ECAL1 to the ECAL2, and is close to 100% (see Section 2). If no excess events are found, the obtained results can be used to impose bounds on the γ − A ′ mixing strength as a function of the dark photon mass. Taking Eqs. (2.5), [11] . For a review of all experiments, which intend to probe a similar parameter space, see Ref. [11, 12] and references therein.
(3.6) and (3.7) and into account and using the relation
is the 90% C.L. upper limit for the number of signal events from the decays of the A ′ with a given mass M A ′ one can determine the expected 90% C.L. exclusion area in the (M A ′ ; ǫ) plane from the results of the experiment. For the background free case (n 90% A ′ (M A ′ ) = 2.3 events), the exclusion regions corresponding to accumulated statistics 10 11 , 10 12 , 10 13 e − at 30 GeV (H4-30) are shown in Fig. 11 . One can see, that these exclusion areas are complementary to the ones expected from the planned APEX (full run), HPS and DarkLight experiments, which are also shown for comparison [11, 12] . For a review of all experiments, which intend to probe a similar parameter space, see Ref. [11, 12] and references therein. Shown are also areas excluded from the electron (g-2) considerations (a e and a µ ) [104, 105] , by the results of the electron beam-dump experiments E141 [52, 55] , E137 [52, 56] , E774 [52, 58] , KEK [53, 54] and LAL Orsay [53, 57] , the electron thin target experiments A1 at MAMI [60] and APEX [61] , cf. also [63] , by the ν-Cal I experiment [59, 62] , by the KLOE collaboration [64] , by data of the experiment SINDRUM [67, 68] , by the WASA-at-COSY collaboration [69] , by the HADES collaboration [70] .
The statistical limit on the sensitivity of the proposed experiment is proportional to ǫ 2 . Thus, it is important to accumulate a large number of events. As one can see from Eq. (3.7), the obtained exclusion regions are also sensitive to the choice of the length L ′ of the calorimeter ECAL1, which should be as short as possible. As discussed in Sec. 3.1.1, assuming the maximal secondary H4 beam rate n e ≃ 5 × 10 6 e − /spill at E 0 ≃ 30 − 50 GeV, we anticipate ≃ 3 × 10 12 collected e − s during ≃ 3 months of running time for the experiment. Note, that since the decay time of the scintillating-fiber light signal is τ 50 ns, the maximally allowed electron counting rate in order to avoid significant pileup effect is, roughly 1/τ ≃ 10 7 e − /s. This is well compatible with the maximal beam rate during the 4.8 s spill, which is expected to be 10 7 /4.8s ≃ 2 × 10 6 . To minimize dead time, one could use a first-level trigger rejecting events with the ECAL2 energy deposition less than, say, the energy ≃ 0.9E 0 and, hence, run the experiment at a higher event rate.
In the case of the signal observation, to cross-check the result, one could remove the decay vessel DV and put the calorimeter ECAL2 behind the ECAL1. This would not affect the main background sources and still allow the A ′ s production, but with their decays upstream of the ECAL2 calorimeter being suppressed. The distributions of the energy deposition in the ECAL1 and ECAL2 in this case would contain mainly background events, while the signal level from the decays A ′ → e + e − should be reduced. The background can also be independently studied with the muon and pion beams of the same energy. The evaluation of the A ′ mass value could be obtained from the results of measurements at different distances L and beam energies. Finally note, that the performed analysis for the sensitivity of the proposed experiment may be strengthened by more accurate and detailed simulations of the H4 beam line and concrete experimental setup.
The experiment to search for the decay A ′ → invisible
The A ′ s could also decay invisibly into a pair of dark matter particles χχ, see [12, 106] and references therein. The diagram for the A ′ production in the reaction
is shown in Fig. 12 .
The process of the dark photon production and subsequent invisible decay A ′ → invisible is also expected to be a very rare event. For the previously mentioned parameter space, it is expected to occur with the rate 10 −10 with respect to the ordinary photon production rate. Hence, its observation presents a challenge for the detector design and performance.
The setup
The experimental setup specifically designed to search for the A ′ → invisible decays is schematically shown in Fig. 3 . The experiment employs the same very clean high energy e − beam. The admixture of the other charged particles in the beam (beam purity) is below 10 −2 . The detector shown in Fig. 3 is equipped with a high density, compact electromagnetic (e-m) calorimeter ECAL1 to detect e − primary interactions, high efficiency veto counters V1 and V2, two scintillating fiber counters (or proportional chambers) S1, S2 and a combination of the electromagnetic calorimeter ECAL2 and HCAL located at the downstream end of the A ′ decay volume DV to detect all final state products from the primary reaction e − Z → e − ZA ′ .
The method of the search is the following. The A ′ s are produced through the mixing with bremsstrahlung photons from the electrons scattering off nuclei in the ECAL1. The reaction (4.1) typically occurs in the first few radiation length (X 0 ) of the detector. The bremsstrahlung A ′ then either penetrates the rest of the setup without interactions and decays in flight into an e + e − pair outside the detector, or it could decay invisibly, A ′ → invisible, into two dark matter particles which also penetrate the rest of the setup without interaction. Similar to the previous case, the fraction f of the primary beam energy E 1 = f E 0 is deposited in the ECAL1. The ECAL1's downstream part is served as a dump to absorb completely the e-m shower tail. For the radiation length 1 cm, and the total thickness of the ECAL1 ≃ 30 X 0 (rad. lengths) the energy leak from the ECAL1 into the V1 is negligibly small. The remained part of the primary electron energy E 2 = (1 − f )E 0 is either transmitted trough the rest of the ECAL1 and other detector by the A ′ , or is carried away by the products of the decay A ′ → invisible. In order to suppress background due to inefficiency of detection (see below), the detector must be longitudinally completely hermetic. To enhance detector hermeticity, a hadronic calorimeter (HCAL) with a total thickness ≃ 15 − 20 λ int is placed behind the ECAL2, as shown in Fig. 3 . If we assume that the A ′ decays dominantly into the invisible final state, then the calorimeter ECAL1 is not constrained in length anymore, as it was in the case of A ′ → e + e − decays. Then, the ECAL1(and ECAL2) calorimeter could be, e.g. a hodoscope array of the lead tungstate (PWO) heavy crystal counters (X 0 ≃ 0.89 cm), each of the size 10 × 10 × 300 mm 3 , allowing accurate measurements of the lateral and longitudinal shower shape. The energy resolution of such calorimeters is quite good. As a function of the beam energy it is given by
[107]. The occurrence of A ′ → invisible decays produced in e − Z interactions would appear as an excess of events with a single e-m showers in the ECAL1, Fig. 3 , and zero energy deposition in the rest of the detector, above those expected from the background sources. Figure 13 . The scheme of the additional tagging of high energy electrons in the beam by using the electron synchrotron radiation in the banding magnetic dipole. The synchrotron radiation photons are detected by a γ -detector by using the LYSO inorganic crystal (Sc) capable for the work in vacuum. The crystal is viewed by a high quantum efficiency photodetector, e.g. PMT, SiPM, or APD. The beam defining counters S and veto V are also shown.
The signal candidate events have the signature:
and should satisfy the following selection criteria:
• The starting point of (e-m) showers in the ECAL1 should be localized within a few first X 0 s.
• The lateral and longitudinal shapes of the shower in the ECAL1 are consistent with an electromagnetic one. The fraction of the total energy deposition in the ECAL1 is f 0.1, while in the ECAL2 it is zero.
• No energy deposition in the V1,V2, ECAL2, and HCAL.
To improve the primary high energy electrons selection and additionally suppress background from the possible presence of low energy electrons in the beam typically with energy E e 0.1E 0 (see below), one can use a high energy e − -tagging system utilizing the synchrotron radiation (SR) from high energy electrons in a dipole magnet, as schematically shown in Fig. 13 . The basic idea is that, since the critical SR photon energy is ( ω) c γ ∝ E 3 0
(here E 0 is the beam energy) the low energy electrons in the beam could be rejected by using, e.g. the cut on E γ > 0.3( ω) c γ in a X-ray detector, shown, for example in Fig. 13 . In this scheme, the electrons and radiation photons are detected separately. The total length of the vacuum line is about 100 m. The possibility of identifying electrons by detecting their synchrotron radiation with the xenon filled multi-wire proportional chamber, has been demonstrated previously, see e.g. [108] . Preliminary, we consider the scheme shown in Fig. 13 for detection of the synchrotron radiation photons in vacuum by utilizing inorganic LYSO crystal with a high light yield. Note that electrons with the energy 10 GeV which are present in the beam before the dipole magnet will be deflected by it at a large angle, so they do not hit the ECAL1. However, such electrons could appear in the beam after the magnet due to the muon µ → eνν or pion π → eν decays in flight in the vacuum beam pipe. Since µs and πs do not radiate in the magnet, this source of the background is supposed to be suppressed.
Background
The background processes for the A ′ → invisible decay signature S A ′ of (4.2) can be classified as being due to physical-and beam-related sources. They could be due to the calorimeters energy resolution, cracks and beam holes in the setup. Unfortunately, direct measurements of the background level for the A ′ → invisible decay mode is practically impossible, because of unknown low-energy tail in the beam electron energy distribution. So, our main goal in the detector design was not to try to reduce any background source to its possible lowest level, but only below the physical background. Similar to the decay channel A ′ → e + e − , we face familiar problems: to perform full detector simulation in order to investigate these backgrounds down to the level 10 −10 would require a huge number of generated events resulting in a prohibitively large amount of computer time. Consequently, only the following background sources, identified as the most dangerous processes are considered and evaluated with reasonable statistics combined with numerical calculations.
Electron background
• The leak of the primary electron energy, could be due to the bremsstrahlung process e − Z → e − Zγ, when the emitted photon carries away almost all of its initial energy, while the final state electron with the much lower energy E e − ≃ 0.1E 0 is absorbed in the ECAL1. The photon could punch through the rest of the detector without interactions. The photon could also be absorbed in a photo-nuclear reaction occurred in the ECAL1 resulting in, e.g. an energetic leading secondary punch-through neutron.
In the first case, to suppress this background, one has to use the ECAL2+HCAL of enough thickness, and a low veto threshold as possible. Taking into account that the primary interaction vertex is selected to be within a few first X 0 s, for the total remaining ECAL1+V1 thickness of ≃ 30 X 0 , the probability for a photon to punch through it without interaction is 10 −13 . Thus, this background is at the negligible level. In the second case, the analysis results in a similar background level 10 −13 .
• Punch-through primary electrons, which penetrate the ECAL1 without depositing much energy could produce a fake signal event. It is found that this is also an extremely rate event.
• Contributions due to the detector material non-uniformity, presence of cracks, and beam holes result effectively to a degradation of the energy resolution, e.g. in the vicinity of a hole. However, due to the proper design of the HCAL the contribution from these effects to the HCAL inefficiency is found to be negligible. The possible effect caused by the HCAL module support structure (stainless tapes of 1 mm thick) could be minimized by positioning the HCAL at a small angle with respect to the beam axis. • One of the main background sources is related to the low-energy tail in the electron energy distribution in the primary beam. The electrons are selected and tuned to a given momentum by a few hundreds meters spectrometer. The origin of the lowenergy tail is caused by the beam electron interactions with a passive material in the beam, such e.g. as entrance windows of the beam lines, residual gas, etc... Another source of the low energy tail is related to the pion or muon decays in flight in the beam line. To predict the fraction of events in the tail and their energy distribution is not simple. A full beam line simulation at a high level of precision has to be performed. Just for illustrative purposes, in Fig. 14 the hypothetical e − spectra with a low energy tail are shown for a 100 GeV beam. The sensitivity of the experiment is determined by the fraction of electron events with energy E below of a certain threshold E th :
. For example, for the primary beam energy of 100 GeV and E th ≃ 10GeV , this ratio is expected to be very small, probably well below 10 −6 − 10 −8 . To additionally suppress this level of background one can use the electron tagging system based on the detection of the synchrotron radiation from high energy electrons in a dipole magnet as schematically shown in Fig. 13 .
• The reaction e + Z → γ + e + Z, γ + A → invisible (4.3) may occur: an electron can emit a hard bremsstrahlung photon and deposit the rest of its energy in the ECAL1. The photon could induce a photo-nuclear reaction accompanied by the emission of a leading neutral particle(s), such as neutron. The neutron then could be undetected in the rest of the setup. Taking into account the above estimated non-hermeticity of the detector, the probability of the reaction (4.3) is found to 10 −12 .
This reaction could also occur in the residual gas of the beam pipe located after the magnet. To reduce this possible background as good as possible vacuum in the pipe is required.
• Finally, the electroproduction of a neutrino pair 4) resulting in the invisible final state accompanied by the recoil electron energy deposition in the ECAL1 can occur. The preliminary estimate shows that the ratio of the cross sections for the reaction (4.4) to the bremsstrahlung cross section is 10 −13 . More accurate calculations are in progress [109] .
Hadronic background
The hadronic background can be, for example due to beam hadrons misidentified as electrons. This background is caused by some pion, proton, etc. contamination in the electron beam. Another source of this type of background is caused by the hadron electroproduction in the ECAL1. For the measurement of the hadronic energy we used the following expression for the energy resolution of the HCAL 5) which corresponds to the case of the HCAL calorimeter constructed by the INR group for the experiment NA61, see Sec. 3.1.4 and Ref. [93] . The inefficiency for the zero energy detection, e.g. due to pile-up effects is estimated to be below 10% assuming the intensity of 5 × 10 6 e − /spill.
• The fake signature (4.2) could arise when i) either a hadron from the beam produces in the very beginning of the ECAL1 a low energy neutral pion and escapes detection in the rest of the detector, or ii) an electroproduced hard hadron(s) h from the reaction eA → ehX occurred in the very upstream part of the ECAL1 is not detected.
In the first case, the background is supposed to be suppressed by the requirement of the presence of the synchrotron photon in the beam line. The second source requires a more detailed study. In this case the background could be caused by the incomplete longitudinal hermeticity of the detector. That is, there might be a leak of energy due to production of leading neutral particles such as neutrons and/or K 0 L s, which penetrate the ECAL2 and HCAL without depositing energy above the certain threshold E th . This is the energy cut on the sum of energy depositions in the ECAL2 and HCAL below which an event is considered as the "zero-energy" event in the ECAL2+HCAL. The punchthrough probability is defined by exp(−λ int L), and is of the order 10 −9 for about 20 λ int thickness of the detector composed of two ECALs and three consecutive HCAL modules (here λ int is the nuclear interaction length). This value should be multiplied by a conservative factor 10 −4 , which corresponds to the probability P h of a single leading hadron production per incoming electron in the ECAL1, resulting in the final value of 10 −12 .
The HCAL non-hermeticity for high energy hadrons was estimated with a GEANT4-based simulation. In Fig. 15 the simulated distributions of energy deposited by 2×10 5 negative pions with energy 100 GeV in three consecutive HCAL modules with the lateral size 20×20 cm 2 are shown. The peak at 0.06 GeV for the single module (HCAL1) corresponds to the punchthrough pions penetrating the HCAL without interaction. The fraction of events in the peak agrees well with the estimate of the punchthrough probability discussed above. As expected, the peak disappears for the larger HCAL thickness. It can be noticed that for charged pions the HCAL is completely hermetic, i.e. there is always energy released by the pion in the detector.
This picture is different for neutral hadrons. As an example, in Fig. 16 the simulated distributions of energy deposited by 2 × 10 5 neutrons with energy 100 GeV in three consecutive HCAL modules with the lateral size 20×20 cm 2 are shown. One can see that for the single module case, there are events with zero-energy deposition in the HCAL1. These events correspond to punchthrough neutrons penetrating the detector without interaction.
To estimate the HCAL non-hermeticity for higher neutron statistics an attempt was made to reduce the computational time by considering only events from the tail of the deposited energy distribution. This tail is shown in Fig. 17 for about 5× 10 6 neutrons interacting in the ECAL2 plus three consecutive HCAL modules assembly (see Fig. 3 ) at 100 GeV. The obtained low energy tail distribution was fitted by a polynomial function, shown as red dashed line in Fig. 17 , and the results were extrapolated to the lower energy part of the spectrum in order to evaluate non-hermeticity of the ECAL2+HCAL3 assembly at low E th -values. In the experiment the threshold is expected to be around E th ≃ 1 GeV. This procedure results in a (ECAL2+HCAL3)-non-hermeticity, defined as the ratio of the number of events below the threshold E th to the total number of incoming pions η = n(E < E th )/n tot , which is shown in Figure 17 . The expected low energy tail distributions of sum of energies in the ECAL2+HCAL3 from about 5 × 10 6 neutrons with primary energy of 100 GeV, see Fig. 3 . The peak from the total energy deposition in normalized to 100 GeV. The dashed curve shows the polynomial fit to the distribution. The presence of possible cracks, holes, non-uniformuties is ignored. Fig. 18 . One can see, that for the energy threshold E th ≃ 1 GeV the non-hermeticity is expected to be at the level η 10 −9 . Finally, taking into account the probability for the single leading hadron electro-production to be P h 10 −4 , results in an overall level of this background of 10 −12 .
The overall probability of the fake signal produced by incoming pions or protons is conservatively estimated to be P p(π) 10 −12 per incoming electron. It should be noted, that in order to take data simultaneously for both, visible and invisible, A ′ decay modes, the HCAL3 located downstream the ECAL1, has to be increased in lateral size in order to avoid background from large transverse hadronic shower fluctuations. The use of the HCAL3 detector with the cross section 40×40 cm 2 (2×2 HCAL modules) is foreseen in this case.
Another type of background originates by the muon contamination in the beam.
Muon background
• The muon could produce a low energy photon in the ECAL1, which would be absorbed in the calorimeter and then penetrates the rest of the detector without being detected Energy threshold, GeV Non-hermeticity n (E < E th ) / n tot Figure 18 . The estimated non-hermeticity of the ECAL2+HCAL3 as a function of the energy threshold E th on the sum of energy deposition in both calorimeters ECAL2+HCAL3 for 100 GeV neutrons interacting in the assembly.
The probability for the events chain (4.6) is estimated to be P 10 −12 . This estimate is obtained assuming that the muon contamination in the beam is 10 −2 , the probability for the muon to cross the V1 and V2 without being detected is at least 10 −6 − 10 −8 , and the probability for the µ to deposited its energy in the ECAL2+HCAL below the threshold E th is 10 −4 .
• One more background can be due the event chain
when the incident muon produces in the initial ECAL1 part a low energy bremsstrahlung photon, escapes detection in the V1, and then decays in flight in the DV into eνν, and the electron is non detected because its energy is either E < E th or due to pure HCAL energy resolution, if it misses the ECAL2. There are several suppression factors for this source of background: i) the relatively long muon lifetime resulting in a small probability to decay, ii) the presence of two neutrinos in the µ decay reduces the electron energy. However, it is practically not possible for the decay electron to avoid energy deposition in the ECAL2, because the electron is emitted at a small angle 50MeV/E e , and the probability for E e to be significantly smaller than the primary energy E 0 is very low. These factors lead to the expectation for this background to be at the level at least 10 −12
The overall probability of the fake invisible signature (4.2) produced by muons is estimated to be P µ 10 −12 per incoming electron. In Table 3 contributions from the all background processes are summarized for the beam energy of 100 GeV. The total background is conservatively at the level 10 −12 , and is dominated by the admixture of hadrons in the electron beam. This means that the search accumulated up to ≃ 10 12 e − events, is expected to be background free. 
Sensitivity of the experiment
Using considerations, which are similar to those of Sec. 3.3, the expected exclusion areas in the plane (ǫ, M A ′ ), shown in Fig. 19 , are derived. These areas are shown for the background free case and correspond to accumulated statistics of 10 9 (red line) and 10 12 (blue line) e − s with energy 100 GeV. The only assumption used is that the A ′ s decay dominantly to the invisible final state χχ, if the A ′ mass M A ′ > 2m χ . One can see, that the area corresponding to 10 12 electrons completely covers the LSND exclusion region obtained under the assumption of a certain χ − A ′ coupling strength α D . In Fig. 19 , various other constraints are plotted as shaded regions and projected sensitivities of other experiments are indicated as lines. As suggested in [110] , electron beam dump experiments searching for the light dark matter particle χ are sensitive to a similar region of the parameter space depending on m χ and α D . Further limits on the invisible A ′ have been derived from the cooling of white dwarfs for m χ in the keV-range [111] and from energy losses in supernova for m χ in the MeV-range [112] , both again assuming certain α D s. Constraints on dark matter particles charged under a hidden gauge group from primordial black holes [113] do not apply to the mass range considered here. Similar to the case of the visible A ′ decay search, the statistical limit on the sensitivity of the proposed experiment to search for decay channels A ′ → invisible, is proportional to ǫ 2 and is set mostly by its value and by possible background. Thus, it is important to accumulate a large number of events. As discussed in Sec. 3.1.1 we anticipate up to ≃ 3 × 10 12 collected e − s during ≃ 3 months of running time for the experiment. In the case of the A ′ → invisible signal observation, several methods could be used to cross-check the result. For instance, one could perform measurements taken with different HCAL Figure 19 . Constraints in the ǫ vs M A ′ plane for invisibly decaying A ′ assuming they can decay invisibly to a pair of dark-sector states χχ, provided M A ′ > 2m χ . The orange and green lines show the expected 90% C.L. exclusion areas corresponding, respectively, to 10 9 and 10 12 accumulated electrons at 30 GeV (dash-dotted) and 100 GeV (solid) for the background free case. Various other constraints (shaded regions) and projected sensitivities (dashed lines) are also shown, mostly adapted from Ref. [106] . The constraint for the BaBar mono-photon search is given as blue shaded region, while the blue dashed lines represent the reach of an improved BaBar and possible Belle II mono-photon searches. Further limits are shown from the anomalous magnetic moment of the electron (a e , cyan) and muon (a µ , green), the rare kaon decay K + → π + A ′ (brown) and leptonic decay K + → µ + ν µ A ′ (yellow) [114] , and LSND (light gray; assuming α D = 0.1 and that χ can not decay to other light dark-sector states which do not interact with A ′ s) [115] . Other sensitivities are shown for the upcoming electron fixed-target experiments DarkLight (purple; shown when kinematically relevant) and VEPP-3 (magenta) as well as an improved sensitivity for K + → π + A ′ with ORKA (brown). The red shaded region is preferred in order to explain the discrepancy between the measured and the predicted SM value of (g − 2) µ .
thicknesses. If the fake signal is due to the HCAL non-hermeticity, its expected level can be obtained by extrapolating the results to a very large (infinite) HCAL thickness.
Conclusion
Due to their specific properties, dark photons are an interesting probe of well motivated physics beyond the standard model both from the theoretical and experimental point of view. We propose to perform a light-shining-through-a-wall experiment dedicated to the sensitive search for dark photons in the still unexplored area of the mixing strength 10 −5 ǫ 10 −3 and masses M A ′ 100 MeV by using available 10-300 GeV electron beams from the CERN SPS. If A ′ s exist, their di-electron decays A ′ → e + e − could be observed by looking for events with the two-shower topology of energy deposition in the detector. The key point for the experiment is an observation of events with almost all beam energy deposition in the ECAL2 calorimeter, located behind the "ECAL1 wall". Since the A ′ s are short-lived particles, the sensitivity of the search is ∝ ǫ 2 , differently from the case of a search for a long-lived A ′ , where the number of signal events is ∝ ǫ 4 .
In this proposal, we show that the sensitivity of the search for the A ′ → e + e − decay in ratio of cross sections σ(e − Z→e − ZA ′ ) σ(e − Z→e − Zγ) at the level of 10 −13 − 10 −12 could be achieved. This sensitivity can be obtained with a setup optimized for several of its properties: i) the intensity and purity of the primary electron beam, ii) the high efficiency of the veto counters, iii) a high number of photoelectrons from decays counters S1 and S2, iv) the good energy and time resolution as well as capability to measure accurately longitudinal and lateral shape of showers in both ECAL1 and ECAL2 calorimeters. Large amount of collected electrons and background suppression are crucial to improve the sensitivity of the search. To obtain the best sensitivity for a particular parameters region, the choice of the energy and intensity of the beam, as well as the background level should be compromised. In the case of non-observation, the expected exclusion areas are complementary to the ones from the planned APEX (full run), DarkLight, and other experiments intended to probe a similar parameter space [11, 12] .
The experiment has also the capability for a sensitive search for A ′ s decaying invisibly to dark-sector particles, such as dark matter. Our feasibility study shows that a sensitivity for the search of the A ′ → invisible decay mode in branching fraction Br(A ′ ) = σ(e − Z→e − ZA ′ ),A ′ →invisible σ(e − Z→e − Zγ)
at the level below a few parts in 10 11 − 10 12 is in reach. The intrinsic background due to the presence of low energy electrons in the beam can be suppressed by using a tagging system, which is based on the detection of synchrotron radiation of high energy electrons. The search would allow to cover a significant fraction of the yet unexplored parameters space for the A ′ → invisible decay mode.
After testing the detector, that might commence in 2014-2015, the experiment would be performed in two phases. In the first phase in 2015, the goal is to optimize the detector components and measure the dominant backgrounds from the hadron (and possibly muon) contaminations in the electron beam. This could be done by using any secondary beam line of the SPS that would provide enough intensity in the given energy range for the background measurements. In the second phase, 2015-2016, the goal is to reach the previously mentioned sensitivity or better by exploiting a possible upgrade of the detector, which might be necessary given the results of phase I. To reach this goal utilizing a secondary SPS beam line that would provide enough electron intensity for the signal search is mandatory. If an excess consistent with the signal hypothesis is observed, this would unambiguously indicate the presence of new physics. The full running time of the proposed measurements is requested to be up to several months, and it could be taken at different SPS secondary beams. Due to the moderated cost of the experiment, the required resources in terms of man power, equipment and consumables would already be available.
